Results

tion of PI3-K/Akt signaling in sympathetic neurons, experiments were done using compartmentalized neurons and the Trk kinase inhibitor K252a (Berg et al., 1992; NGF Activation of the PI3-K Pathway in Compartmentalized Sympathetic Neurons
Ohmichi et al., 1992; Tapley et al., 1992). Neurons were grown in chambers with medium containing ␣-NGF We used dissociated sympathetic neurons obtained from newborn rat superior cervical ganglia and grown bathing cell bodies and medium containing NGF (100 ng/ml) bathing distal axons. Application of K252a to in compartmentalized cultures (Campenot, 1977 ; Riccio et al., 1997) to assess the subcellular distribution and distal axons led to a decrease in levels of both P-Akt ( Figure 2 ) and P-TrkA (Y490) (data not shown) in distal state of activation of PI3-K and its downstream effector Akt (protein kinase B). Neurons were maintained under axons and in cell bodies. In contrast, application of K252a exclusively to cell bodies led to a decrease in conditions in which cell bodies and proximal axons (hereafter referred to as the cell body compartment) levels of P-Akt in cell bodies, but not in distal axons. The latter treatment also resulted in a reduction in the were exposed to medium containing a neutralizing antibody directed against NGF (␣-NGF) while distal axons, amount of P-TrkA (Y490) in cell bodies, but not in distal axons (Riccio et al., 1997). Thus, TrkA activity is required which are Ͼ1 mm away from cell bodies, were exposed to medium containing NGF. These conditions resemble within distal axons for both local and retrograde PI3-K signaling. Moreover, the activity of TrkA within cell bodin vivo conditions in which neurons are maintained by NGF acting exclusively on distal axons. ies, which is derived at least in part from retrogradely transported P-TrkA (Y490) (Tsui-Pierchala and Ginty, We first asked whether binding of NGF to receptors exclusively on distal axons regulates the activities of 1999), is required for PI3-K/Akt signaling in cell bodies of sympathetic neurons. PI3-K and Akt in distal axons and/or cell bodies. For these experiments, NGF was removed from medium bathing distal axons for 24 hr. Then, distal axons were Selective Inhibition of PI3-K Activity within exposed to the same medium (control) or medium con-
Distinct Cellular Compartments taining NGF for various times. The activation states of
The availability of wortmannin and LY294002, which are TrkA and Akt were assessed in extracts prepared from structurally distinct, membrane-permeable inhibitors of cell body and distal axon compartments by immuno-PI3-K, allowed us to address the role of the PI3-K blotting using antibodies that recognize the activated, effector pathway within cell bodies and distal axons phosphorylated forms of these proteins. P-Trk (Y490) separately during local and retrograde NGF signaling. antibodies recognize TrkA when phosphorylated on Tyr-LY294002 (100 M) and wortmannin (100 nM) inhibit 490, which is the Shc recognition site (Kaplan and Miller, PI3-K, but not PI4-K (Powis et al., 1994; Vlahos et al., 1997). P-Akt antibodies recognize Akt when phosphory-1994). We first asked whether we could apply these lated on Ser-473, which is necessary for its catalytic pharmacological compounds to individual compartactivity (Datta et al., 1999) . Application of NGF to distal ments to selectively block the activity of PI3-K in distal axons resulted in increased levels of P-TrkA (Y490) and axons, but not cell bodies, and vice versa. When added P-Akt within distal axons, which were maximal after 20 to the medium bathing either cell bodies or distal axons min ( Figure 1A and data not shown). Increases in both for 30 min, wortmannin blocked phosphorylation of Akt P-TrkA (Y490) and P-Akt were also detected in cell bodin cell bodies or distal axons, respectively ( Figure 3A ). ies but with slower kinetics. A small but reproducible Application of wortmannin to cell bodies did not block increase in both P-TrkA (Y490) and P-Akt was detected phosphorylation of Akt in distal axons, and application in extracts of cell bodies within 20 min, and a more of wortmannin to distal axons did not block phosphoryrobust increase was seen at 8 hr ( Figure 1A) . The appearlation of Akt in cell bodies. LY294002 was used for experance of P-TrkA (Y490) and P-Akt in both distal axons iments requiring long-term inhibition of PI3-K because and cell bodies was coincident with the appearance of LY294002, unlike wortmannin, is a reversible inhibitor PI3-K activity associated with phosphotyrosine immu- ) and Akt Ser-473 (P-Akt) in cell bodies and distal axons of compartmentalized sympathetic neuronal cultures after application of NGF to the distal axonal processes. The distal axons and terminals of 13 DIV sympathetic neurons grown in biochemistry chambers were maintained in medium lacking NGF for 2 days before treatment with medium alone (minus sign) or medium containing NGF (150 ng/ml) for either 20 min or 8 hr. Cellular lysates were prepared from individual compartments containing cell bodies (CB) and distal axonal processes (DA) by adding boiling laemmli buffer to the compartments. Cell body and distal axonal extracts were subjected to imunoblotting using antibodies specific for P-TrkA (Y490) and P-Akt (Ser-473). The immunoblots were stripped and reprobed with an antibody against p85 to demonstrate equal amounts of total protein in the extracts. (B) Induction of phosphotyrosine-associated PI3-K activity in cell bodies and distal axons of sympathetic neurons after application of NGF to the distal axons. The distal axons and terminals of 13 DIV sympathetic neurons grown in biochemistry chambers and supported by NGF on distal axons and ␣-NGF on cell bodies were placed in medium lacking NGF in distal axonal compartments for 2 days. Then, distal axons were treated with either medium alone (minus sign) or medium containing NGF (150 ng/ml) for 20 min and 8 hr. Lysates were prepared from individual compartments containing either cell bodies or distal axonal processes and subjected to immunoprecipitation with a phosphotyrosine antibody (4G10) for 2 hr at 4ЊC, and PI3-K assays were carried as described in Experimental Procedures. (C) Kinetics of dephosphorylation of P-TrkA (Y490) and P-Akt in the cell bodies and distal axons after withdrawal of NGF from the distal axonal processes. Twelve to thirteen DIV cultures of compartmentalized neurons were maintained in medium containing ␣-NGF in the cell body compartment and in medium containing NGF (200 ng/ml) in the distal axon compartment. The NGF-containing medium was removed from the distal axonal compartment, the distal axonal processes were washed once with medium lacking NGF, and then the processes were incubated in medium containing ␣-NGF (1:1000) for 1.5 hr and 6 hr, respectively. Lysates were prepared from cell body and distal axonal compartments as described above and subjected to immunoblotting using antibodies against P-TrkA (Y490) and P-Akt. To address these questions, we compared the effects Interestingly, we found that inhibition of PI3-K had remarkably different effects on NGF-dependent survival of LY294002 on survival of sympathetic neurons grown bodies. In contrast, inhibition of PI3-K activity had a more dramatic effect on survival of sympathetic neurons grown under conditions in which they were supported by NGF acting exclusively on distal axons ( Figure 5B ). Under these growth conditions, application of LY294002 to both cell bodies and distal axons led to rapid apoptotic death that exceeded 70% after 48 hr and was nearly 100% after 72 hr ( Figure 5B) . The kinetics and magnitude of cell death induced by LY294002 was similar to that seen after NGF withdrawal. Thus, these experiments reveal a more critical role for PI3-K signaling in sympathetic neurons supported by NGF acting exclusively on distal axons than in neurons in which NGF acts (B) Inhibition of PI3-K in the cell bodies has no effect on P-Akt levels in the distal axons of sympathetic neurons. Sympathetic neurons were grown in biochemistry chambers for 13 DIV. Medium containing ␣-NGF was added to the cell bodies 72 hr prior to the experiment while the distal axons were maintained in medium containing NGF (200 ng/ml). Then, a specific inhibitor of PI3-K, LY294002 (50 M), was added either to cell bodies or distal axons for 8 hr. Cell body and distal axonal extracts were prepared as before and subjected to immunoblotting with an antibody against P-Akt. The P-Akt immunoblot was then stripped and reprobed with an antibody against p85 to normalize for protein levels.
(C) Twelve DIV sympathetic neurons grown in biochemistry chambers were maintained in medium containing ␣-NGF in the cell body compartments and NGF (200 ng/ml) in distal axonal compartments. One set of compartmentalized cultures was then treated with LY294002 (100 M) only in the cell body compartment for 2 days while in another set of biochemistry chambers, LY294002 was added only to the distal axonal processes for 2 days. Boiling laemmli extracts were prepared from the compartments containing cell bodies and distal axons. Western blots were performed using the antibody specific for phosphorylated Akt, followed by stripping and reprobing the blot for p85 to normalize for equal protein amounts. All of the above experiments were performed at least three times with similar results in each case. DA, distal axons; CB, cell bodies. (E) Application of the MEK inhibitor U0126 to the distal axons blocks the activation of ERKs but has no effect on P-Akt levels in the distal axons. The distal processes of 12 DIV sympathetic neurons grown in biochemistry chambers were treated as described in (D). Extracts prepared from cell body and distal axonal chambers were subjected to immunoblotting using an antibody specific for the phosphorylated form of ERK1 and ERK2. The immunoblot was later stripped and reprobed for P-Akt and then for p85 to normalize for protein amounts. naling, what is the role of PI3-K in cell bodies in neurons that they are present in distal axons but cannot move in the phosphorylated forms from distal axons to cell supported by NGF acting exclusively on distal axons? Inhibition of PI3-K in cell bodies led to near complete bodies to affect the apoptotic machinery. As mentioned above, P-Akt itself does not move from distal axons to apoptosis of neurons within 48 hr, but inhibition of PI3-K exclusively in cell bodies did not affect retrograde transcell bodies to an appreciable extent so the same is likely to be true for products of Akt-catalyzed phosphorylation port of NGF. Under these conditions, P-Akt in cell bodies was completely blocked, but levels of P-Akt in distal reactions. Growth factor signal transduction mechanisms in neuaxons were unaffected. These observations indicate that PI3-K and Akt signaling in distal axons alone cannot rons are arguably more complex than in most other cell types due to the striking morphological specializations support neuronal survival. Since constitutively active PI3-K and Akt can support survival of sympathetic neuof neurons. Most neurons have long axons that can extend centimeters or even one meter from their cell rons, we speculate that PI3-K signaling in cell bodies is necessary for survival because it supports Akt signaling bodies, and target-derived growth factor signals must be propagated over long distances to influence survival and phosphorylation of Akt substrates that mediate the prosurvival effects of PI3-K. Indeed, it seems likely that and gene expression within cell bodies. These retrograde signals must be integrated with signals coming many of the substrates of Akt function, at least in part, within cell bodies. Substrates of Akt include BAD, casfrom dendrites and those emanating from the membrane of the cell body itself. The present study shows that the pase-9, IKK, the transcription factor forkhead, and, possibly, CREB (Datta et al., 1999; Kaplan and Miller, 2000) . same NGF effector pathway, the PI3-K pathway, can have different functions in distinct parts of the same By extension, our data support the idea that phosphorylation of Akt substrates within distal axons cannot supneuron during long-range retrograde signaling. Interestingly, the activity of the PI3-K signaling in distal axons port neuronal survival. This may be because critical substrates of Akt are either not present in distal axons or indirectly regulates TrkA signaling pathways, including
1995) and the insulin receptor (
